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Abstract
During normal viewing, the eyes move from one location to another in order to sample the visual environment. Information
acquired before the eye movement facilitates post-saccadic processing. This ‘‘preview eﬀect’’ indicates that some information is
maintained in transsaccadic memory and combined with information acquired at the next ﬁxation. However, the nature of trans-
saccadic memory remains a subject of debate. Here, we investigate preview eﬀects in monkeys that carry out a contour-grouping
(curve-tracing) task, by manipulating the consistency between pre- and post-saccadic information. The results show that consistent
information causes a preview beneﬁt, whereas inconsistent information causes a preview cost. These preview eﬀects are relatively
independent of the pre-saccadic viewing duration, and they occur even when the stimulus is exposed for only 10 ms. The results
further demonstrate that an entire relevant curve is stored in transsaccadic memory, instead of just the items at the saccade goal.
They suggest that preview eﬀects are caused by a mechanism that stores attended sensory information to make it available at
the next ﬁxation. The results are discussed within a theoretical framework that establishes an intimate relationship between atten-
tion, short-term memory and transsaccadic memory.
 2004 Elsevier Ltd. All rights reserved.
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When we explore the visual environment, we con-
stantly make saccadic eye movements that bring the cen-
tre of gaze from one object of interest to another
(Yarbus, 1967). Visual information is acquired during
the intervening ﬁxation periods that typically last 200–
300 ms (Henderson & Hollingworth, 1998; Pollatsek &
Rayner, 1982). In this period, the ﬁxated object is iden-
tiﬁed and the next object is selected for a saccade. No
useful information can be extracted during saccades0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
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E-mail address: p.khayat@ioi.knaw.nl (P.S. Khayat).(Matin, 1974), and the perceptual system is therefore
confronted with discrete snapshots of the scene inter-
spersed by brief periods of relative ‘‘blindness’’. None-
theless, the visual scene does not appear to jump or to
fade when the eyes move, but appears stable, uniﬁed,
and continuous. There is a long lasting debate concern-
ing the nature of perceptual stability. The traditional
view proposed that the entire sensory image acquired
during a ﬁxation is maintained across saccades in a de-
tailed, high-capacity memory buﬀer and fused with the
image from the following ﬁxation (Breitmeyer, 1984; Jo-
nides, Irwin, & Yantis, 1982; McConkie & Rayner,
1976; Rayner, 1978). A conﬂicting theory, at the other
extreme, argued that there is no need for such a trans-
saccadic memory buﬀer, because the scene itself acts as
an external memory that can be accessed at each ﬁxation
(ORegan, 1992). This theory suggested that no visual
information needs to be carried over from one ﬁxation
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every ﬁxation (Bridgeman, Van der Heijden, & Vel-
ichkovsky, 1994; ORegan, 1992). Most of the contem-
porary theories take a less extreme view, however, and
argue that while a complete, veridical representation of
the scene is not transferred across saccades, some spe-
ciﬁc information does survive a saccade and can be used
on the following ﬁxation.
Indeed, there is now converging evidence for trans-
saccadic integration from a variety of experimental pro-
cedures. First, processing of information at the locus of
the saccade goal facilitates post-saccadic identiﬁcation,
in picture perception as well as in reading (Henderson,
1992; Henderson, Pollatsek, & Rayner, 1987; Pollatsek
& Rayner, 1982; Pollatsek, Rayner, & Collins, 1984).
This so-called peripheral preview eﬀect demonstrated
that information from an extrafoveal object can be
maintained in transsaccadic memory and combined with
the information acquired at the subsequent ﬁxation
when the same object is seen foveally. Second, a number
of studies showed that people are usually unaware of
changes occurring in the visual scene during a saccade,
unless the location of the change is at the saccade goal
(Currie, McConkie, Carlson-Radvansky, & Irwin,
2000; Henderson & Hollingworth, 1999, 2003; McCon-
kie & Currie, 1996). Since attention shifts to the saccade
goal just before the saccade (Deubel & Schneider, 1996;
Godijn & Pratt, 2002; Hoﬀman & Subramaniam, 1995;
Irwin & Gordon, 1998; Kowler, Anderson, Dosher, &
Blaser, 1995; McPeek, Maljkovic, & Nakayama, 1999),
this attentional shift can explain the superior ability to
detect transsaccadic changes, as well as preview beneﬁts.
It was therefore suggested that the attentional shift to
the saccade target causes this target to be stored in
transsaccadic memory (Currie et al., 2000; Deubel,
Schneider, & Bridgeman, 2002; Henderson & Holling-
worth, 1999, 2003; Irwin, 1992; Irwin & Andrews,
1996; Irwin & Gordon, 1998; McConkie & Currie,
1996). Moreover, Irwin and Zelinsky (2002) extended
this notion by showing that recently attended objects
are also remembered quite well, and argued that trans-Complementary
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Fig. 1. Design of the curve-tracing stimuli. Monkeys had to make a sequen
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monkeys). FP1, ﬁrst ﬁxation point. FP2, second ﬁxation point. The arrowssaccadic memory contains the position and identity of
the last three objects that were ﬁxated (and therefore
previously attended), in addition to information about
the object to be ﬁxated next (see also Hollingworth &
Henderson, 2001). Third, some tasks cannot be carried
out without transsaccadic integration. The so-called
double step task is one example. In this task, two items
are sequentially and brieﬂy ﬂashed during a ﬁxation,
and the subject carries out a sequence of two saccades,
one to each item. The saccade to the ﬁrst item changes
the retinotopic location of the memory trace of the sec-
ond item. Nevertheless, the accuracy of the second sac-
cade is high in human subjects (Becker & Ju¨rgens, 1979;
McPeek, Skavenski, & Nakayama, 2000), as well as in
monkeys (Mazzoni, Bracewell, Barash, & Andersen,
1996; Tian, Schlag, & Schlag-Rey, 2000). This implies
that the retinotopic location of the second item is up-
dated during the ﬁrst saccade. Direct neurophysiological
evidence for this transsaccadic updating of locations has
been obtained in the parietal and frontal cortex of mon-
keys (Duhamel, Colby, & Goldberg, 1992; Tian et al.,
2000). Fourth, some tasks require more time than the
average ﬁxation duration. One example is serial visual
search, where a complete transsaccadic loss of informa-
tion would be detrimental, since search would have to
start again after each saccade.
The present study investigates transsaccadic integra-
tion in monkeys performing a curve-tracing task.
Previous studies showed that variants of this task also
require more time than the typical inter-saccadic interval
(Jolicoeur, Ullman, & McKay, 1991; Roelfsema,
Scholte, & Spekreijse, 1999), and we therefore predict
that some information is carried from one ﬁxation to
the next. The present task requires the monkeys to make
two eye movements along a continuous curve (target
curve), while ignoring another curve (distractor curve).
The ﬁrst saccade is made to a circle halfway on the tar-
get curve (FP2), and the second saccade to a circle at the
end of this curve (Fig. 1). On some of the trials, the en-
tire target curve is shown to the monkey when the stim-
ulus appears, but on other trials (no-plan trials) thestimuli
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Fig. 2. Stimuli and behavioural task used in Experiment 1. (A)
Sequence of events in the normal, no-plan and catch condition. Note
that on no-plan and catch trials, a change occurs during saccade 1. The
visual events for the complementary stimulus are not shown. (B)
Timing of the events. RT1, reaction time of ﬁrst saccade (Sac1). RT2,
reaction time of second saccade (Sac2).
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while the ﬁrst saccade is made (Fig. 2). Here we report
that reaction times of the second saccade are shortest
in the former condition, which provides direct evidence
for a preview beneﬁt in monkeys. We also include a
third type of trial (catch trials) where we introduce a
conﬂict between the information from before and after
the ﬁrst saccade. We show that transsaccadic integration
on these catch trials actually deteriorates performance
and prolongs reaction times.2. General method
2.1. Subjects
Four adult male macaque monkeys participated in
the experiments. Before the experiments, an operation
was carried out in which a head holder was implanted
to allow painless immobilization of the animals head
during the experimental sessions. The head holder was
imbedded in dental cement and securely attached to
the monkeys skull using titanium orthopaedic bonescrews. Moreover, to allow eye movements recordings,
a gold ring was inserted under the conjunctiva of one
eye (Bour, van Gisbergen, Bruijns, & Ottes, 1984). The
operation was performed under aseptic conditions and
general anaesthesia, which was induced with ketamine
(15 mg/kg i.m.) and maintained after intubation by ven-
tilating with a mixture of 70% N2O and 30% O2, supple-
mented with 0.8% isoﬂurane, fentanyl (0.005 mg/kg i.v.),
and midazolam (0.5 mg/kgh i.v.). The animals recovered
for at least 21 days before training was resumed, and
during that recovery period antibiotics and analgesics
were administered as needed. All procedures complied
with the National Institute of Health Guide for Care
and Use of Laboratory Animals (National Institute of
Health, Bethesda, Maryland), and were approved by
the institutional animal care and use committee of the
Royal Netherlands Academy of Arts and Sciences.2.2. Stimuli and behavioural task
The stimuli were displayed at a viewing distance of 78
cm on a 21-inch CRT monitor (resolution 1024 · 768) in
combination with a TIGA graphics board running at a
frame rate of 72 Hz. The phosphor persistence was less
than 3 ms. The stimuli consisted of a ﬁrst ﬁxation point
(FP1) presented in the centre of the screen, a second ﬁx-
ation point (FP2), two circles and two curves (Fig. 1).
On of the curves connected FP1 and FP2 to a target cir-
cle, and will be referred to as the target curve. The sec-
ond curve was connected to the other circle, but not to
the ﬁxation points, and will be referred to as a distractor
curve. The monkeys had to make two saccadic eye
movements along the target curve, while they could
ignore the other, distractor curve. They ﬁrst made a sac-
cade from FP1 to FP2, followed by a second saccade to
the circle at the end of the target curve. The only diﬀer-
ence between stimuli was a small curve segment at a spe-
ciﬁc location that will be called critical zone (Fig. 1).
There were three types of trials. (i) On normal trials
(75%), the entire target curve was revealed while ﬁxa-
tion was at FP1 (Fig. 2, upper panels). Thus, the mon-
key could preview the course of the target curve
beyond FP2. (ii) On no-plan trials (12.5%), both curves
were connected to FP2 while ﬁxation was at FP1 (Fig. 2,
middle panels). Only during the ﬁrst saccade to FP2, one
of the segments in the critical zone disappeared, thereby
disconnecting one curve and indicating the location of
the second saccade target. Thus, on no-plan trials we
do not expect a preview eﬀect. (iii) Catch trials
(12.5%) began as normal trials (Fig. 2, lower panels),
but during the ﬁrst saccade to FP2 the connections in
the critical zone were switched. The second saccade
had to be made to the end of the curve that was now
connected to FP2. Thus, any information carried across
the ﬁrst saccade should interfere with performance, since
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The stimulus sequences shown in Fig. 2, together with
their mirror-images (complementary stimuli, see Fig. 1)
were all shown in a pseudorandom sequence.
The animals were rewarded with apple juice for mak-
ing a correct sequence of two saccades into 1.5 square
windows around FP2, and around the target circle.
The curves were white (luminance 24 cd/m2) on a uni-
form black background (luminance 0.5 cd/m2), and the
ﬁxation points and targets were red. FP1 subtended
0.2 of visual angle, whereas the FP2 and the circles sub-
tended 0.4. In all experiments, FP2 was located at 3.4
from FP1, and the critical zone was at 4 or 4.4 from
FP1. In Experiments 4 and 5, there were also two addi-
tional critical zones that were located at 6.5 or 7 from
FP1. In the Experiments 1–3, the circles were located at
6.5 from FP1 and at 4 form FP2. In Experiment 4,
they were located at 7.5 from FP1 and 4.7 from
FP2, whereas in Experiment 5 they were at 8.5 from
FP1 and 5 from FP2.2.3. Data analysis
The eye position was measured using a double mag-
netic induction technique (Bour et al., 1984), sampled
at 1 kHz and stored to disc. The analysis of the eye
movement data was performed oﬀ-line. We used a veloc-
ity criterion to detect the beginning and end of each sac-
cade, deﬁned as the moment at which eye velocity
exceeded or dropped below 30/s. In some trials, the
stimulus changed during the ﬁrst saccade to FP2. In
these trials (‘‘no-plan’’ and ‘‘catch’’ trials), it was essen-
tial that the change in the stimulus occurred during the
saccade, when no useful visual information is extracted.
Trials on which the change happened after eye velocity
dropped below 30/s were therefore removed from anal-
ysis (the exact timing of this change depended on the
relation between saccadic onset and monitors refresh
rate). On average, 6.8% of the trials were removed in
Experiment 1, 3.3% in Experiment 2, 2% in Experiment
3, 6% in Experiment 4 and 3% in Experiment 5. In some
experiments, the analysis of reaction times required
more trials than could be obtained in a single recording
session. We therefore pooled across multiple sessions,
which is justiﬁed by the relatively constant performance
of each of the monkeys, which were highly trained,
across sessions (see details below). Trials where the mon-
key prematurely broke ﬁxation at FP1, or where the ﬁrst
or second saccade did not target any of the red circles
were removed from analysis. Only correct trials were
used to determine mean saccadic reaction times. To test
for statistical signiﬁcance of diﬀerences between reaction
times, we performed a two-way analysis of variance
(ANOVA), with stimulus condition and monkey as fac-
tors, followed by a tukey HSD post-hoc test.3. Experiment 1: Curve-tracing task with two eye
movements
In this experiment, we investigated whether visual
information available during one ﬁxation inﬂuences
the processing of information at the next ﬁxation. To
this aim, we manipulated the congruence between visual
information before and after the ﬁrst saccade during a
curve-tracing task. If there is an eﬀect of congruence
on subsequent performance, this provides direct evi-
dence for some form of transsaccadic integration. The
general procedure has been described above. In short,
there were three trial types that only diﬀered while ﬁxa-
tion was at FP1. On normal trials, the entire target curve
was shown, while ﬁxation was at FP1. On no-plan trials,
the course of this curve distal to FP2 was only revealed
after the ﬁrst saccade. On catch trials, target and distrac-
tor curves were switched during the ﬁrst saccade, and
the monkey had to make the second saccade to the
end of the new target curve. We will use the reaction
time of the second saccade (hence, the ﬁxation duration
at FP2) to measure the magnitude of the preview eﬀect.
On normal trials, the animal may have obtained infor-
mation relevant for the second saccade during the previ-
ous ﬁxation at FP1. This should shorten the ﬁxation
duration at FP2 compared to no-plan trials. Transsacc-
adic integration on catch trials should be costly, and is
expected to prolong ﬁxation duration at FP2. In this
ﬁrst experiment, we wanted to maximize the probability
of observing a preview beneﬁt on normal trials and a
preview cost on catch trials. We therefore required the
monkeys to ﬁxate for at least 400 ms at FP1. This should
allow the monkey to mentally trace the entire target
curve, including segments distal to FP2, while ﬁxation
was at FP1.
3.1. Method
A trial started once the monkeys eye position was
within a 1 square window centred on FP1 (Fig. 2).
After 300 ms, the entire stimulus appeared but the mon-
key had to keep steady ﬁxation. FP1 disappeared 400 ms
later, which cued the monkey to make an eye movement
to FP2 (Fig. 2(B)). At the end of this saccade, FP2 was
turned oﬀ and the monkey made a second saccade to the
circle at the end of the target curve. The monkey was not
required to maintain ﬁxation at FP2, and could, in prin-
ciple, initiate this second saccade immediately. The only
diﬀerence between the stimuli of the three types of trials
was conﬁned to the critical zone while the monkey ﬁx-
ated FP1. Stimuli became identical when the monkey
ﬁxated FP2, and thus required the same sequence of
two saccades. In this experiment, we pooled the data
collected across two recording sessions for monkey B,
because our analysis required more trials than could
be obtained in a single session (678 correct trials in ses-
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condition on RT2 was similar in both sessions, as indi-
cated by the absence of a signiﬁcant interaction between
session and condition (two-way ANOVA; F2,1285= 2.6;
P> 0.05). The other two monkeys performed around
1500 trials each, in one session. We analysed the reac-
tion time of the second saccade (RT2) pooled across
the two complementary stimuli, i.e. for the second sac-
cade to the left and right target circles of the same con-
dition. RT2 was deﬁned as the time interval between the
oﬀset of FP2 and the start of saccade 2. Thus, RT2 also
corresponds to the second ﬁxation duration.
3.2. Results
The performance on normal trials in the curve-trac-
ing task was 96% correct for monkey B, 93% for mon-
key G and 99% for monkey R. On no-plan trials,
performance slightly decreased to 93% and 90% for
monkey B and G, respectively, but not for monkey R
(100%). This decrease in performance was not signiﬁ-
cant (P > 0.1,X2-test, for all monkeys). On catch trials,
performance drastically dropped to 78% and 72% for
monkey B and G, respectively, and it decreased to
95% for monkey R. The diﬀerence in performance be-
tween no-plan and catch trials was signiﬁcant (monkey
B, X2 = 15.2, P < 104; monkey G, X2 = 20.6,
P < 105; monkey R, X2 = 4, P < 0.05; df = 1), as was
the diﬀerence between normal and catch trials (monkey
B, X2 = 76.4, P < 106; monkey G, X2 = 90.6, P < 106;
monkey R, X2 = 10.1, P < 0.005; df = 1).
There was also a pronounced diﬀerence in the second
saccadic reaction time (RT2) between conditions. Fig. 3
shows mean RT2s as a function of stimulus condition,
for each monkey. Reaction time for the second saccade,
averaged across monkeys, was 195 ms on normal trials.
On no-plan trials, average RT2 increased to 218 ms,
whereas on catch trials, RT2 increased to 246 ms. A
comparison of normal and no-plan trials indicates that
there was an average preview beneﬁt of 23 ms. Catch tri-
als, on the other hand, were associated with a preview
cost of 28 ms. A two-way ANOVA on RT2, with stim-Second saccadic rea
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Fig. 3. Reaction time of the second saccade (RT2). The histograms show mea
catch condition, for each monkey. Error bars indicate SEM.ulus condition and monkeys as factors, conﬁrmed this
main eﬀect (F2,4 = 40; P< 0.005). A post-hoc compar-
ison indicated that RT2 diﬀered signiﬁcantly between
conditions (P< 103, all 3 pairwise comparisons;
Tukey HSD).
3.3. Discussion of Experiment 1
Without transsaccadic integration, reaction times and
accuracy of the second saccade should be independent
of the pre-saccadic stimulus. However, our results show
that a match between pre- and post-saccadic visual
information results in better performance and a shorter
RT2. Consistent pre-saccadic information causes a pre-
view beneﬁt, which shortens RT2 by 23 ms. In contrast,
a change in the stimulus during the ﬁrst saccade deteri-
orates the performance and yields a signiﬁcant increase
in reaction times. Such catch trials yield a preview cost
of 28 ms. Our results thus indicate that monkeys process
information relevant for the second saccade before the
ﬁrst saccade is executed, and that information acquired
during one ﬁxation is integrated with information ac-
quired at the next ﬁxation. One possibility is that the
monkeys ‘‘mentally’’ trace the entire target curve before
the ﬁrst saccade. Human subjects direct their attention
to all segments of a curve that is traced ‘‘mentally’’
(i.e. without eye movements) (Houtkamp, Spekreijse,
& Roelfsema, 2003; Scholte, Spekreijse, & Roelfsema,
2001). A number of previous studies have suggested that
information about attended objects is maintained across
saccades (e.g. Currie et al., 2000; Henderson & Holling-
worth, 1999, 2003; Irwin, 1992; Irwin & Andrews, 1996;
Irwin & Zelinsky, 2002; McConkie & Currie, 1996).
Maintenance of the target curve in transsaccadic mem-
ory could also explain the preview eﬀect of the present
experiment. We have, however, to exclude a number
of alternative explanations. First, the preview beneﬁt
could be related to the duration of ﬁxation at FP1. This
may have caused simultaneous planning of both sac-
cades during the initial ﬁxation, as has been shown to
occur in a variety of diﬀerent tasks (Becker & Ju¨rgens,
1979; McPeek & Keller, 2001; McPeek et al., 2000;ction time (RT2)
plan Catch
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n RT2 pooled across complementary stimuli in the normal, no-plan and
2906 P.S. Khayat et al. / Vision Research 44 (2004) 2901–2917Mokler & Fischer, 1999; Theeuwes, Kramer, Hahn, &
Irwin, 1998; Theeuwes, Kramer, Hahn, Irwin, & Zelin-
sky, 1999). This would also account for the preview cost
on catch trials, since on these trials the plan of the sec-
ond saccade would have to be modiﬁed. In Experiment
2 we will therefore reduce the ﬁxation time at FP1
(hence, the preview duration) and investigate how this
inﬂuences the magnitude of the preview eﬀect. Second,
a contour segment was abruptly removed or switched
during the ﬁrst saccade on no-plan and on catch trials,
but not on normal trials. In Experiment 3 we will con-
trol for the eﬀects of these visual transients.4. Experiment 2: Curve-tracing with a gap procedure
In the previous experiment, we hypothesised that the
preview eﬀect is caused by the maintenance of attended
information in transsaccadic memory. An alternative
explanation is that it is due to parallel programming
of two saccades. In Experiment 1, monkeys had enough
time to view the entire target curve and to plan both sac-
cades while ﬁxation was at FP1. Parallel programming
can only occur when the information relevant for plan-
ning the second saccade is available well before the exe-
cution of the ﬁrst saccade, since saccade planning
requires at least 150 ms (Becker, 1991; Findlay, 1997).
Thus, if the preview eﬀect is due to advance planning
of the second saccade, we expect that the magnitude of
the eﬀect decreases for preview durations that are short-
er. In the following experiment, we will therefore reduce
the preview duration, which equals the time between
stimulus onset and the ﬁrst saccade. To help monkeys
initiate their ﬁrst saccade as quickly as possible, and
hence reduce the preview duration, we introduced a
gap between FP1 oﬀset and stimulus onset.
4.1. Method
We used the same apparatus, stimuli and conditions
as in Experiment 1. The task was also similar, except
for a slight modiﬁcation of the procedure. Because we
wanted the monkeys to initiate the ﬁrst saccade as fast
as possible, we introduced a gap between FP1 oﬀset
and stimulus onset. The procedure is schematically de-
scribed in Fig. 4(A), and was as follows: a trial started
once ﬁxation position was within a 1 square window
centred on FP1. After 300 ms, FP1 disappeared but
the monkey had to keep steady ﬁxation for an additional
200 ms. Following this gap period, the entire stimulus
appeared, and the monkey had to make a ﬁrst saccade
to FP2. At the end of this saccade, FP2 was immediately
turned oﬀ and the monkey made a second saccade to the
circle at the end of the target curve. The data for each
monkey was collected in one recording session. Monkey
B and G performed approximately 2100 correct trialseach, whereas monkey R performed 760 trials. We ana-
lysed the reaction time for the ﬁrst and second saccade
(RT1 and RT2, respectively) pooled across complemen-
tary stimuli. RT1 was deﬁned as the time interval be-
tween the onset of the stimulus and the start of
saccade 1. RT2 was deﬁned as the time interval between
the oﬀset of FP2 and the start of saccade 2. Note that in
this gap procedure, RT1 equals the viewing duration of
the pre-saccadic stimulus, whereas RT2 corresponds to
the second ﬁxation duration. We also analysed RT2 as
a function of RT1 for each condition. To this aim, the
distribution of the ﬁrst saccadic reaction times was di-
vided into 8 categories each having the same number
of trials.
4.2. Results
4.2.1. Performance and reaction time of the ﬁrst and
second saccade
The three monkeys required additional training be-
tween Experiments 1 and 2, since it took a number of
sessions before they learned to make the ﬁrst saccade
soon after stimulus appearance. During these additional
training sessions their performance on catch trials in-
creased. The eﬀect of condition on performance was
therefore less pronounced than in Experiment 1. For
only one of the monkeys performance on catch trials
was signiﬁcantly worse than on normal trials (monkey
G, 98% vs 91%, X2 = 40, P < 106, df = 1).
Fig. 4(B) shows mean RT1 and RT2 as a function of
stimulus condition for each monkey individually. The
ﬁrst saccade was initiated with an average RT1 across
monkeys of 199, 196 and 198 ms in the normal, no-plan
and catch conditions, respectively. As expected, there
was no eﬀect of condition on RT1 (ANOVA;
F2,4= 0.9; P> 0.4).
Average RT2 across monkeys equalled 191 ms on nor-
mal trials. On no-plan trials, RT2 increased by 19 ms
(RT2 = 210 ms) and on catch trials RT2 increased by
31 ms (RT2 = 222 ms). The ANOVA conﬁrmed this
main eﬀect (F2,4 = 44.3; P < 0.002), and the diﬀerences
between conditions were highly signiﬁcant (Tukey post-
hoc test, P < 103, for all pairwise comparisons). Inter-
estingly, the three monkeys had diﬀerent ﬁrst reaction
times (hence, diﬀerent viewing times of the pre-saccadic
stimulus conﬁguration), but switching the connection be-
tween curves during the ﬁrst saccade in the catch condi-
tion yielded a relatively similar increase in average RT2
compared to the normal condition (+28, +39 and +28
ms for monkey B, G and R, respectively).
4.2.2. Relation between RT1 and RT2
In this experiment, RT1 corresponds to the preview
duration of the stimulus. To investigate the relationship
between the preview duration and the magnitude of the
preview eﬀect, we divided the RT1 distributions in each
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Fig. 4. Curve-tracing task with a gap procedure. (A) Timing of events. (B) Mean reaction time of the ﬁrst (RT1) and second saccade (RT2) as a
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determined the average RT2 in each of them. The result
of this analysis is shown in Fig. 4(C). The diﬀerences be-
tween RT2s on normal, no-plan, and catch trials oc-
curred at each of the preview durations. RT1 was
shortest in monkey B, with an average of 10 ms in the
fastest category. The monkey could make these very
early, anticipatory saccades because the ﬁrst saccade al-
ways had to be made to the same location. These fast
RT1s correspond to an equally short viewing duration
of the stimulus before the ﬁrst saccade. Remarkably,
the preview beneﬁt on normal trials was even observed
at these very short preview durations.
4.3. Discussion of Experiment 2
Experiment 2 replicated the main ﬁndings of Experi-
ment 1. Advance information about the stimulus conﬁg-
uration during ﬁxation at FP1 yields a preview beneﬁt ifthe conﬁguration does not change, but a preview cost if
it does. Moreover, the preview eﬀect is always present
regardless of the amount of pre-saccadic viewing time.
The fast RT1s of monkey B and G indicate that the pro-
gramming of the ﬁrst saccade started during the gap per-
iod, because the monkey could anticipate the onset of
the stimulus. This reduced the exposure duration of
the stimulus, especially in monkey B who was able to
initiate his ﬁrst saccade within 10–20 ms after stimulus
presentation, on a fraction of the trials. These very brief
exposure durations nevertheless were associated with a
clear preview eﬀect, and thus indicate that information
was acquired just prior to saccade execution. Many, if
not all theories on saccade generation hold that 10 ms
does not suﬃce for the generation of a saccade plan; in-
stead, programming of an eye movement typically takes
150–200 ms (e.g. Becker, 1991; Findlay, 1997). The
occurrence of a preview beneﬁt at very short exposures
therefore implies that they are not caused by premature
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come inappropriate. It is still possible, however, that
planning of two saccades in advance might have contrib-
uted to the preview beneﬁt observed at longer exposure
durations of the pre-saccadic stimulus. In the last exper-
iment (Experiment 5), we will investigate whether the
preview eﬀects obtained at longer exposures can be ex-
plained by an oculomotor account.
The preview eﬀects observed at short exposure dura-
tions are remarkable since the information relevant for
guiding the second saccade appears brieﬂy at a retino-
topically eccentric location, and the eye starts to move
immediately afterwards. The information (either con-
gruent or incongruent) is then presented at another
retinotopic location when gaze approaches FP2. If this
information is incongruent, RT2 is prolonged. This indi-
cates that a brief presentation of a stimulus at one
retinotopic location interferes with the processing of an-
other, conﬂicting stimulus that appears immediately
afterwards at another retinotopic location. Therefore,
the data of monkey B suggest that the preview eﬀect is
caused by a sensory process that integrates visual stimuli
across saccades, but that is hampered by mismatches be-
tween the pre- and post-saccadic stimuli.
We note that the other two monkeys did not generate
very fast saccadic reaction times, as did monkey B, and
thus had longer stimulus previews. We conducted an-
other experiment to test whether a brief viewing dura-
tion of the pre-saccadic stimulus conﬁguration results
in consistent preview eﬀects in all the animals. In this
experiment, we will reduce the preview duration by pre-
senting the segment in the critical zone for the duration
of one single video-frame (<14 ms). We will also test
whether we can interfere with the information held in
transsaccadic memory by presenting on some trials a
visual mask in the critical zone just after the one-frame
preview of the segment. This experiment will at the same
time determine whether the results of the previous exper-
iments can be explained by visual transients that were
introduced during the ﬁrst saccade on no-plan and catch
trials, but not on normal trials.5. Experiment 3: One-frame preview of the segment in the
critical zone and masking
In this experiment, we used a gap procedure and the
same stimuli as in Experiment 2. The main novelty in
this experiment was that the preview of the segment in
the critical zone was restricted to one single video-frame
(<14 ms). Then the curves distal to FP2 remained both
unconnected (cue trials), or a mask was presented imme-
diately after the cue (mask trials). The ﬁrst saccade trig-
gered the reappearance of the segment in the critical
zone on both cue-normal (Fig. 5(A)) and mask-normal
trials (Fig. 5(B)), whereas the other segment appearedon cue-catch and mask-catch trials. This procedure en-
sured that the viewing duration of the pre-saccadic stim-
ulus conﬁguration was equally short for both monkeys.
Moreover, the visual transients during the ﬁrst saccade
were similar in each condition.
5.1. Method
Monkey B and G took part in this experiment. A trial
started once the monkey ﬁxated FP1. After 300 ms, FP1
disappeared but the monkey had to keep steady ﬁxation
for a period of 200 ms. Following this gap period, the
entire stimulus appeared but the segment in the critical
zone was extinguished one frame later. On cue trials,
as soon as the monkey initiated his ﬁrst saccade, either
the same segment reappeared (cue-normal trials, as in
Fig. 5(A)) or the opposite segment was displayed (cue-
catch trials). On mask trials, a mask appeared at the
time that the segment in the critical zone was extin-
guished. It consisted of small line segments in the critical
zone. The mask disappeared after 30 ms and both curves
were therefore disconnected thereafter. Again, the ﬁrst
saccade triggered the reappearance of same segment
(mask-normal trials, as in Fig. 5(B)) or the appearance
of the opposite segment (mask-catch trials). Therefore,
in each condition, the pre-saccadic stimulus conﬁgura-
tion was presented in its entirety for only one frame
(phosphor persistence after the oﬀset of the segment in
the critical zone was less than 3 ms). Moreover, these
conditions provided a similar transsaccadic visual event.
At the end of the ﬁrst saccade, FP2 was immediately
turned oﬀ and the monkey made a second saccade to
the circle at the end of the target curve. It is important
to note that on some trials, the ﬁrst saccade might be ini-
tiated with a brief delay (<14 ms) after the appearance of
the stimulus, because the monkey can anticipate the
location of FP2. In this situation, depending on RT1,
the saccade will either occur before the segment in the
critical zone is removed (and before the mask is dis-
played), or will occur before the mask disappeared.
Four conditions were used. The conditions in which
the mask was not displayed will be referred to as the
cue conditions (cue-normal and cue-catch). The other
two conditions will be referred to as the mask conditions
(mask-normal and mask-catch). The normal conditions
(cue-normal and mask-normal) occurred on 37.5% of
the trials each and the catch conditions (cue-catch and
mask-catch) each occurred on 12.5% of the trials. Each
monkey performed approximately 1860 correct trials, in
one recording session.
5.2. Results
Performance was above 90% in both monkeys and in
all conditions. Moreover, there were no consistent per-
formance diﬀerences between conditions.
Fig. 5. Curve-tracing with one-frame preview of the segment in the critical zone, and masking. (A) Example of the sequence of events on a ‘‘cue-
normal’’ trial. The segment in the critical zone disappeared 1 frame after the onset of the stimulus. During the ﬁrst saccade, the same segment was
displayed again. (B) Example of the sequence of events on a ‘‘mask-normal’’ trial. Same as above except that a mask replaced the 1 frame segment for
30 ms. (C) Mean reaction time of the ﬁrst and second saccade as a function of stimulus condition (left) and RT2 as a function of RT1 (right), for
monkey B (upper panels) and monkey G (lower panels). Error bars indicate SEM.
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an average RT1 of 133, 134, 143 and 140 ms in the
cue-normal, cue-catch, mask-normal and mask-catch
conditions, respectively (Fig. 5(C)). In monkey G the
appearance of the mask increased RT1. This did not oc-
cur in monkey B, which explains why an ANOVA did
not reveal an eﬀect of condition on RT1 (F3,3 = 1.6;
P> 0.25). Average RT2 across monkeys equalled 196ms on cue-normal trials, 227 ms on cue-catch trials,
206 ms on mask-normal trials and 210 ms on mask-
catch trials. There was a signiﬁcant main eﬀect of
condition on the reaction time of the second saccade
(ANOVA; F3,3 = 53.7; P< 0.005). Moreover, RT2 in
the cue-catch condition was signiﬁcantly longer than
RT2 in the cue-normal condition, as well as RT2 in
the two mask conditions (P< 103; Tukey HSD).
2910 P.S. Khayat et al. / Vision Research 44 (2004) 2901–2917RT2 in both mask conditions was also signiﬁcantly
longer than RT2 in the cue-normal condition
(P< 103, Tukey HSD). Interestingly, however, RT2
did not diﬀer between the two mask conditions
(P> 0.1; Tukey HSD).
The preview eﬀect was apparent across the entire dis-
tribution of RT1s in the cue conditions, even though the
segment in the critical zone was only displayed brieﬂy
(one video-frame) (Fig. 5(C), right panels). As in the
previous experiment, Monkey B initiated the ﬁrst sac-
cade with very short latencies relative to stimulus onset,
on a fraction of the trials. Fig. 5(C) (right panel) shows
that when the saccade was initiated within 10 ms (i.e.
during the presentation of the cue), and the mask did
not appear, RT2s on mask-catch trials were longer than
on mask-normal trials. However, when the saccade was
initiated during the presentation of the mask, as well as
after its disappearance, RT2s in these two conditions be-
came similar, intermediate between the cue-normal and
cue-catch conditions.
5.3. Discussion of Experiment 3
In the previous experiment we observed a clear pre-
view eﬀect at very short preview durations (<20 ms) in
one of the monkeys. These results are conﬁrmed by
the present experiment, since a one-frame exposure of
the segment in the critical zone induced a reliable pre-
view eﬀect in both monkeys. This experiment also allows
us to exclude visual transients as the primary cause of
the preview eﬀects. In Experiments 1 and 2 there were
transients in the critical zone during the ﬁrst saccade
in the no-plan and catch conditions, but not in the nor-
mal condition. Such a diﬀerence in transients between
conditions cannot explain the preview eﬀects of the pre-
sent experiment. We obtained a clear and signiﬁcant pre-
view eﬀect by comparing cue-normal and cue-catch
trials, which were matched in the number of visual tran-
sients and in their timing.
Remarkably, in the cue conditions, the magnitude of
the preview eﬀect is relatively independent of RT1 and it
does not decrease at longer reaction times. It even occurs
if the interval between the cue and the ﬁrst saccade is
longer than 150 ms. On these trials, the segment in the
critical zone is only present for one video-frame and it
then disappears for 150 ms. The duration of single video
frame is determined by the monitors phosphor decay
rate, which was less then 3 ms. Apparently, the one-
frame cue leaves a trace that is maintained during the
interval preceding the ﬁrst saccade, and that is also
stored in transsaccadic memory. These results can be ex-
plained on the basis of visual persistence, which causes
the neural representation of the one frame cue to persist
longer (Coltheart, 1980), and facilitates its storage into
transsaccadic memory. Masking of the cue segment
blocks visual persistence and it thereby eliminates thepreview eﬀects. Indeed, when the cue segment is
followed by a mask, RT2s are intermediate between
those in cue-normal and cue-catch trials, just as in the
no-plan condition of the previous experiments. In mon-
key B, the preview eﬀects are again observed at very
short (<20 ms) preview durations. Previous studies dem-
onstrated that visual persistence also occurs during sac-
cades, and that the trace of the pre-saccadic stimulus
moves with the eyes, i.e. it is largely coded in retinotopic
coordinates (Irwin, Brown, & Sun, 1988). It is therefore
likely that on the short preview trials in monkey B a
trace of the pre-saccadic stimulus persisted at one retinal
location across the saccade, and inﬂuenced processing of
the post-saccadic stimulus at another retinal location
(but the same spatial location).
Experiments 1–3, taken together, indicate that sac-
cade-contingent changes in the stimulus during curve-
tracing provide a new and useful method for the study
of transsaccadic integration in monkeys. We will now
use this method to investigate exactly what is stored in
transsaccadic memory. We will consider three alterna-
tive hypotheses that assume diﬀerent capacities of the
transsaccadic memory buﬀer. The ﬁrst hypothesis is that
only information at the target of the saccade is stored.
This possibility can account for our results, sine in
Experiments 1–3, the critical zone was adjacent to
FP2, and it was therefore close (within 1) to the target
of the ﬁrst saccade (Fig. 1). A number of studies have
shown that attention is drawn to the target of a saccade,
just before its execution (e.g. Deubel & Schneider, 1996;
Godijn & Pratt, 2002; Hoﬀman & Subramaniam, 1995;
Irwin & Gordon, 1998; Kowler et al., 1995; McPeek
et al., 1999), and that attended items have a prioritised
access into transsaccadic memory (e.g. Currie et al.,
2000; Deubel et al., 2002; Irwin, 1992; Irwin & Andrews,
1996; Irwin & Zelinsky, 2002). The preview eﬀects re-
ported so far might have therefore resulted from the
ability to eﬃciently extract information about the con-
tours in the critical zone, which fell within the focus of
attention, before saccade execution. The second hypoth-
esis assumes that transsaccadic memory has a somewhat
larger capacity, namely the information that is attended
just before saccade initiation. Recent studies in humans
showed that attention is directed to the entire target
curve during curve-tracing (Houtkamp et al., 2003;
Scholte et al., 2001). Storage of the target curve in trans-
saccadic memory during the ﬁrst saccade would also ex-
plain the preview beneﬁt on normal trials, if this curve
would still be attended after the saccade. It would also
explain the preview cost on catch trials, since on these
trials attention has to shift from the old target curve to
the new target curve. The third hypothesis is that the
capacity of transsaccadic memory is large enough to
also include unattended information, or even to retain
the entire stimulus (Breitmeyer, 1984; Jonides et al.,
1982; McConkie & Rayner, 1976; Rayner, 1978). In
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and identify the nature of the information that is main-
tained across the saccade.6. Experiment 4: What is maintained in transsaccadic
memory?
This experiment was designed to investigate the nat-
ure of the information stored in transsaccadic memory.
To that aim, we increased the number of locations where
the stimulus could change during a saccade in the curve-
tracing task (Fig. 6(A)). The segment switch could occur
at three diﬀerent locations. It could occur near FP2 (crit-
ical zone t1 in Fig. 6(A)), at another location on the tar-
get curve (critical zone t2), or at a corresponding
position on the distractor curve (critical zone d). This(A)
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get curve is stored across the saccade, then switches at
t1, as well as switches at t2 (Fig. 6(B)) should cause a
preview cost, but switches in d should not. Third, if seg-
ments of the distractor curve, or the entire stimulus, are
stored, then switches at d may also inﬂuence perform-
ance. We note, however, that a switch at d by itself does
not inﬂuence the sequence of eye movements that has to
be made, which implies that it can be ignored. We there-
fore included a condition where switches at d became
behaviourally relevant by combining them with switches
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at t1.
6.1. Method
In this experiment, a new monkey (P) was used along
with monkey G. The task was similar to that in Exper-
iment 2 (i.e. we used a gap procedure), but the stimuli
were modiﬁed. We used eight stimuli. Four of them
are shown in Fig. 6(A). The other four are mirror-image
stimuli. There were three critical zones, three distractor
curves and one target curve. Each of these curves was
connected to a circle that was located at 7.5 from
FP1 and 4.7 from FP2. The ﬁrst critical zone (t1) was
adjacent to the ﬁrst saccade target (FP2), whereas the
other two were located at 3.5 from FP2. One of these
critical zones (t2) comprised a contour segment of the
target curve, whereas the other (d) comprised a corre-
sponding segment of the distractor curve.
Five conditions were used. (1) In the normal condi-
tion, the stimulus conﬁguration did not change across
the ﬁrst saccade. (2) In the ‘‘catcht1’’ condition, the ﬁrst
saccade triggered a switch in the segment at the ﬁrst crit-
ical zone (t1). (3) In the ‘‘catcht2’’ condition, the segment
switch occurred in the second critical zone (t2) (see
example of a catcht2 trial, Fig. 6(B)). (4) In the ‘‘chan-
ged’’ condition, a segment of the distractor curve (in crit-
ical zone d) switched during the ﬁrst saccade. (5) Finally,
in the ‘‘catcht1 + d’’ condition, the ﬁrst saccade triggered
a simultaneous segment switch in critical zones t1 and d
(Fig. 6(C)). Note that all these catch conditions could
occur for the four pairs of mirror-image stimuli.
All stimuli were presented in a pseudo-random se-
quence. The normal condition occurred on 72% of the
trials, whereas each of the other conditions occurred
on 7% of the trials. Saccadic reaction times for correct
trials were pooled across the eight stimuli of each condi-
tion. A total of 3413 correct trials were collected for
monkey G in three recording sessions (N1 = 857 trials;
N2 = 1253 trials; N3 = 1303 trials). We pooled the data
across sessions, which is justiﬁed by the absence of a
signiﬁcant interaction between session and condition
(two-way ANOVA; F8,3398 = 2.2; P > 0.05). Monkey P
performed 1440 correct trials, in four recording sessions
(N1 = 320 trials; N2 = 234 trials; N3 = 503 trials;
N4 = 383 trials). Again, there was no signiﬁcant interac-
tion between session and condition (two-way ANOVA;
F12,1420 = 1.2; P > 0.25).
6.2. Results
In monkey G, performance on normal trials was 97%
correct, which was signiﬁcantly better than that on catch
trials (91–94% correct in the various catch conditions)
(P < 0.01, X2-test, df = 1). There was no diﬀerence in
performance between normal and changed trials (96%correct) (X2 = 0.73, P > 0.25, df = 1). The overall per-
formance of monkey P was worse than that of monkey
G, and varied between 81% and 90% correct depending
on the type of trial. There were, however, no signiﬁcant
performance diﬀerences between conditions (P > 0.05,
X2-test, for all pairwise comparisons).
Monkey G initiated the ﬁrst saccade with an average
RT1 (hence, preview duration) of 157 ms and monkey P
had an average RT1 of 110 ms, across conditions. As ex-
pected, there was no eﬀect of condition on RT1 (ANO-
VA; F4,4 = 0.6; P > 0.5). Fig. 6(D) shows the mean
reaction time of the second saccade (RT2) as a function
of stimulus condition for each monkey. The ANOVA re-
vealed a signiﬁcant main eﬀect of condition on the reac-
tion time of the second saccade (ANOVA; F4,4= 37.5;
P< 0.005). This main eﬀect of condition was associated
with a number of pairwise diﬀerences. RT2 was shortest
on normal trials (251 ms, average across monkeys). It in-
creased by an average of 35 ms when the segment near
FP2 switched (catcht1 trials) (P< 10
3, Tukey HSD).
A switch at the distal location of the target curve also
yielded a signiﬁcant preview eﬀect of 23 ms (catcht2 tri-
als) (P< 103, Tukey HSD). Changed trials, which are
associated with a switch of the segment of the distractor
curve, did not cause a signiﬁcant preview eﬀect
(P> 0.4, Tukey HSD, average RT2 = 254 ms). The
combined switch of two segments on catcht1 + d trials
also resulted in a signiﬁcant preview eﬀect of 34 ms
(P< 103, Tukey HSD). There was no signiﬁcant dif-
ference between preview eﬀects on catch1 and catcht1 + d
trials, however, which indicates that the additional
change at the distractor curve did not increase reaction
times further (P> 0.4, Tukey HSD).
6.3. Discussion of Experiment 4
The results demonstrate that more information is
stored in transsaccadic memory than just the contour
segments which are near the ﬁrst saccade target (FP2).
Preview costs occur whenever the target curve changes
its shape, irrespective of the precise location of this
change (t1 or t2). This suggests that the shape of the en-
tire target curve is stored across the saccade. In contrast,
switching a segment of the distractor curve has no eﬀect
on RT2, even if this change becomes relevant due to an
additional change at another location (t1 + d). This im-
plies that only the target curve is stored in transsaccadic
memory, but not a complete sensory representation of
the stimulus conﬁguration.
Previous results indicate that attention is directed to
the entire target curve during curve-tracing (Houtkamp
et al., 2003; Scholte et al., 2001). The present results are
therefore consistent with theories that suggest that
attended information is stored in transsaccadic memory
and integrated with information acquired after the sac-
cade (e.g. Currie et al., 2000; Henderson & Holling-
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Irwin & Zelinsky, 2002; McConkie & Currie, 1996).
We will now brieﬂy come back to the issue of concur-
rent planning of two saccades. We noted in the above
that the preview eﬀects observed at relatively long expo-
sure durations of the pre-saccadic stimulus might have
resulted from advance planning of the second saccade
while the monkey was still ﬁxating FP1. We used the de-
sign of Experiment 4 to directly dissociate changes in the
stimulus from changes in the saccade plan.7. Experiment 5: Saccade planning or sensory integration?
In the previous experiments, the monkeys previewed
the stimulus for more than 100 ms on most of the trials,
while they were ﬁxating at FP1. This might have led to
the planning of the second saccade, before the execution
of the ﬁrst saccade. Such parallel planning of two sac-
cades during the initial ﬁxation might have therefore
contributed to the preview eﬀects reported so far. To ad-
dress this issue, we modiﬁed the stimulus-set of the pre-
vious experiments with the aim to change the visual
information during the ﬁrst saccade (catch trials), with-
out changing the saccade plan. Speciﬁcally, we used a
condition in which the pre- and post-saccadic stimuli
yielded an identical second saccade target in spite of a
change in the target curve.
7.1. Method
In this control experiment, only monkey G was used.
The task and the sequence of events were similar to
those in Experiment 4, but the stimuli were slightly mod-
iﬁed. As in Experiment 4, there were three critical zones
(t1, t2 and d) and four curves (three distractor and one
target curve). However, there were only three targets for
the second saccade (one of which was correct), since two
of the curves were connected to the same circle. The cir-
cles were located at 8 from FP1 and 5 from FP2, and
the critical zones were at 3.5 from FP2. Fig. 7(A) illus-
trates the eight stimuli that were used. We will pool data
across stimuli that are mirror-images, and for this rea-
son there are 4 stimulus categories (numbered I–IV in
Fig. 7(A)). We note that the target for the second sac-
cade is the same for stimulus categories I and II.
We manipulated the consistency of the pre- and post-
saccadic information in three conditions. In the normal
condition (80% of the trials), the stimulus conﬁguration
did not change across the ﬁrst saccade. In the catcht1 + t2
condition (10% of the trials), the segment in the critical
zone t1 was switched simultaneously with the segment in
the critical zone t2. In the catcht1 + d condition (10% of
the trials), the segment in the critical zone t1 switched
together with the segment in the critical zone d. These
catch trials occurred for all stimuli, but here we willfocus the analysis on the catch trials that changed the
location of the target curve between the pre- and post-
saccadic image, without changing the target of the
second saccade. This occurred during catcht1 + t2 trials
for stimulus category I (Fig. 7(B)), and during catcht1 + d
trials for stimulus category II (Fig. 7(C)). Note that
catcht1 + t2 trials changed stimulus category I into stim-
ulus category II, while catcht1 + d trials yielded the oppo-
site change. We will pool RT2 on these two types of
catch trials and compare it to RT2 on the normal trials
with the same stimuli (stimulus category I and II). A to-
tal of 1700 correct trials were collected in a single
recording session.
7.2. Results
The critical conditions in this experiment are those in
which both the pre- and post-saccadic visual informa-
tion indicates that the monkey has to select the middle
target for his second saccade. We therefore compared
RT2 on normal trials with stimulus category I and II
(Fig. 7(A)) with the catch trials that are illustrated in
Fig. 7(B) and (C). The monkeys performance was better
than 98% correct in the normal as well as in the catch
conditions. The ﬁrst saccade was initiated with an aver-
age RT1 of 138 ms in the normal condition and 140 ms
in the catch condition (range 100–230 ms, P> 0.1, U-
test). As in previous experiments, RT1 corresponds to
the preview duration of the pre-saccadic stimulus. Aver-
age RT2 was 261 ms in the normal condition and it in-
creased to 278 ms in the catch condition (Fig. 7(D)).
This diﬀerence is highly signiﬁcant (P< 0.005, U-test),
which indicates that the preview eﬀect also occurs if
the saccade plan does not need to be modiﬁed.
7.3. Discussion of Experiment 5
The present experiment revealed a preview eﬀect of 17
ms, although the target of the second saccade did not
change. This demonstrates that the preview eﬀects can-
not be explained solely on the basis of saccade planning,
even if the preview lasts longer than 100 ms. The results
of this and previous experiments, taken together, there-
fore suggest that the preview eﬀects are due to the storage
of the target curve in transsaccadic memory. On normal
trials, this yields a preview beneﬁt since this curve is still
represented after the saccade. On catch trials, however,
this causes a preview cost since on these trials attention
has to be withdrawn from the curve that becomes a dis-
tractor and allocated to the new target curve.8. General discussion
In the present study, we investigated whether visual
information acquired during one ﬁxation is integrated
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Fig. 7. Saccade planning or sensory integration. (A) Stimuli that were shown in a random sequence. The stimuli were grouped in four categories,
each consisting of two mirror-image stimuli. Note that two of the curves share the same target for the second saccade. (B) Catcht1+ t2 trials for
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a curve-tracing task. The results provide an unambig-
uous demonstration of information transfer across a
saccade. In our task, the monkeys process information
relevant for planning the second eye movement before
they make the ﬁrst one. If the pre- and post-saccadic
stimuli match, this results in a preview beneﬁt, with
superior performance and a shorter reaction time of
the next saccade. A conﬂict between pre- and post-
saccadic information, on the other hand, hampers
processing of the post-saccadic stimulus, and this re-
sults in a preview cost. To our knowledge, this study
thereby provides the ﬁrst demonstration of a preview
eﬀect in monkeys. Importantly, this preview eﬀect is
relatively independent of the viewing duration of the
pre-saccadic stimulus, and even occurs for preview
durations shorter than 50 ms. Moreover, we showed
that it is not caused by an erroneous saccade plan that
has to be updated after the change in the stimulus. In-stead, the preview eﬀect presumably results from a
mechanism that maintains attended sensory informa-
tion across saccades. Previous studies that used diﬀer-
ent tasks demonstrated that information at the target
for the saccade is stored in transsaccadic memory.
Our results add to this by showing that information
about the shape of the entire target curve is trans-
ferred across saccades. Finally, we have shown that
the preview eﬀect also occurs if the cue segment is
brieﬂy shown for one video-frame (i.e. cue trials) but
that it is abolished by masking.
8.1. What is stored in transsaccadic memory?
Some theories have proposed that no information
needs to be transferred from one ﬁxation to the next,
since all the information is always available upon re-
quest in the outside world (Bridgeman et al., 1994; OR-
egan, 1992). Our results rule out these theories by
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target curve is stored in transsaccadic memory. Many
other theories rather argued for information transfer
across saccades, but the estimates of the capacity of
the transsaccadic memory buﬀer vary between theories.
Early theories suggested that most of the visual scene is
stored in memory and transferred from one ﬁxation to
the next (Breitmeyer, 1984; Jonides et al., 1982; McCon-
kie & Rayner, 1976; Rayner, 1978). Our results are also
incompatible with this view, since a change that occurs
on a distractor curve during the ﬁrst saccade has no ef-
fect on subsequent performance. Other, more recent
studies have shown, however, that the capacity of trans-
saccadic memory is limited. It appears to store only a
selection of the items; those that receive visual attention
(Currie et al., 2000; Deubel et al., 2002; Henderson &
Hollingworth, 1999, 2003; Irwin, 1992; Irwin & An-
drews, 1996; Irwin & Gordon, 1998; Irwin & Zelinsky,
2002; McConkie & Currie, 1996).
Our results support the selective storage of attended
items in transsaccadic memory. Human subjects that
carry out a curve-tracing task direct their attention to
all contours that belong to the target curve (Houtkamp
et al., 2003; Scholte et al., 2001). The present results can
be explained by the storage of the entire target curve
across saccades. We note, however, that such an atten-
tional account critically relies on two assumptions.
The ﬁrst assumption is that attention is directed to con-
tours of the target curve distal to FP2 while ﬁxation is
still at FP1, even though these contours are only rele-
vant for the second saccade. We observed a clear pre-
view eﬀect when we manipulated the identity of the
target curve at diﬀerent positions relative to FP2 (critical
zone t2, Experiment 4, Fig. 6). This implies that the
monkeys indeed process information distal to FP2 while
their ﬁxation is at FP1. We have some preliminary neu-
rophysiological evidence that supports this assumption.
We recorded neuronal activity in the primary visual cor-
tex during a task similar to that of the present study
(Khayat, Spekreijse, & Roelfsema, in press). Neuronal
responses evoked by the contours of the target curve dis-
tal to FP2 were enhanced relative to responses evoked
by contours of the distractor curve. This response
enhancement is a correlate of visual attention (Roelf-
sema, Lamme, & Spekreijse, 1998), and these results
therefore indicate that attention is indeed directed to
contours of the target curve distal to FP2, even while ﬁx-
ation is still at FP1.
The second assumption is that contours of the target
curve distal to FP2 are still attended after the ﬁrst sac-
cade, as a result of their storage in transsaccadic mem-
ory. This would explain the preview beneﬁt on normal
trials. If attention can remain on the target curve during
the ﬁrst saccade, it could speed up the second saccade to
the end of this curve. It would also explain the preview
cost on catch trials, since now attention is on the wrongcurve after the ﬁrst saccade, and it would have to be
redirected to the other curve before the second saccade
is initiated.
8.2. The relation between transsaccadic memory, working
memory, and attention
Irwin (1996) suggested that the mechanisms responsi-
ble for visual short-term memory and for transsaccadic
memory have substantial overlap (see also Irwin & An-
drews, 1996). Many neurophysiological studies have re-
vealed correlates of short-term memory in a variety of
brain structures. We will brieﬂy discuss these correlates
and then suggest how they may also provide insight into
transsaccadic memory.
Most of the studies on the neurophysiology of short-
term memory (or working memory) in monkeys present
a visual image and require the animals to remember fea-
tures of the image during a subsequent memory delay.
The visual stimulus activates feature-selective neurons
in many areas of the visual, parietal, and frontal cortex.
An important ﬁnding is that a percentage of the neurons
in many, if not all of these areas maintain some of their
activity in the following delay period, when the visual
stimulus has been removed from sight. This sustained
activity provides a memory trace of the stimulus, and
has been observed in areas of the frontal cortex
(Funahashi, Chafee, & Goldman-Rakic, 1993; Fuster,
1984), inferotemporal cortex (Fuster & Jervey, 1981),
parietal cortex (Gnadt & Andersen, 1988), and even in
early visual areas (Supe`r, Spekreijse, & Lamme, 2001).
These results can explain why attended items have a
prioritised access into working memory. A consistent
ﬁnding, replicated in many studies on visual attention,
is that neuronal responses evoked by task-relevant ob-
jects are enhanced relative to responses evoked by irrel-
evant objects. Such an enhanced representation of
relevant objects has been observed in areas of the frontal
cortex (Rainer, Asaad, & Miller, 1998), parietal cortex
(Gottlieb, Kusunoki, & Goldberg, 1998), inferotempo-
ral cortex (Chelazzi, Miller, Duncan, & Desimone,
1993; Moran & Desimone, 1985), and again, also in
early visual areas (Motter, 1993; Roelfsema et al.,
1998). Importantly, many of the neurons that enhance
their response to attended items also maintain an en-
hanced response during the delay of a working memory
task (e.g. Rainer et al., 1998). This implies a direct link
between attention and working-memory. Attended
items can automatically enter into visual short-term
memory if feature-selective neurons, which enhance
their response to attended items, maintain this response
enhancement during a memory delay.
We now propose a similar mechanism for transsacc-
adic memory. If neurons that encode features of
attended items maintain their response across saccades,
then this explains why these features are still represented
2916 P.S. Khayat et al. / Vision Research 44 (2004) 2901–2917afterwards. We hypothesize, in addition, that transsacc-
adic memory is distributed, since diﬀerent features are
stored in distinct areas. On the one hand, neurons in
the inferotemporal cortex may maintain a representa-
tion of the shape, colour and texture of attended objects
across saccades (Chelazzi et al., 1993; Moran & Desi-
mone, 1985). This representation may not have to be up-
dated across the saccade, since these cells have large
receptive ﬁelds, and their tuning is largely invariant for
translations of a stimulus across the retina. On the other
hand, neurons in the parietal cortex may maintain a rep-
resentation of the spatial location of attended objects.
Some of these neurons encode the location of objects rel-
ative to the head or body, regardless of eye position (e.g.
Duhamel, Bremmer, BenHamed, & Graf, 1997). Their
representation of the stimulus does not have to be up-
dated across saccades either, since saccades have no
inﬂuence on the location of objects in non-retinotopic
reference frames. Other cells in the parietal and frontal
cortex code location in retinotopic coordinates, and up-
date the retinotopic location of objects across saccades
(Duhamel et al., 1992; Gottlieb et al., 1998; Tian
et al., 2000; Umeno & Goldberg, 1997), a remapping
that only occurs for salient and behaviourally relevant
information (Gottlieb et al., 1998).
Thus, the persistent ﬁring of neurons involved in
working memory across saccades can explain storage
of the various visual features of an object across sac-
cades. This distributed memory system also accounts
for the prioritised storage of attended items in transsacc-
adic memory, in the same way as it accounts for their
precedence in working memory, as described above
(e.g. Currie et al., 2000; Henderson & Hollingworth,
1999, 2003; Hollingworth & Henderson, 2001; Irwin &
Andrews, 1996; Irwin & Zelinsky, 2002). Obviously, this
system also accounts for the preview eﬀects observed in
the present study, since it allows storage of the attended
target curve across saccades.
In conclusion, the present results demonstrate a pow-
erful mechanism for the storage of attended visual infor-
mation across saccades. Transsaccadic memory is useful
for the construction of a stable visual world, and essen-
tial for those tasks that require more time than the typ-
ical inter-saccadic interval (e.g. Crowe, Averbeck,
Chafee, Anderson, & Georgopoulos, 2000; Jolicoeur
et al., 1991; Roelfsema et al., 1999). It is only counter-
productive in the exceptional case where the attended
stimulus changes during the saccade, an event that
rarely happens in normal vision.Acknowledgments
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